An effective intumescent ame retardant (IFR) system, consisting of microencapsulated ammonium polyphosphate (MCAPP) and pentaerythritol (PER), was developed to improve the fire resistance of EPDM. The flammability of the IFR-EPDM composites was evaluated by limiting oxygen index, UL-94 test and cone calorimeter test. The cone calorimeter results showed that the peak of heat release rate and total heat release of IFR-EPDM composites decreased dramatically compared to that of neat EPDM. The thermal degradation behaviors of EPDM and IFR-EPDM composites were investigated using thermogravimetric analysis and real time Fourier transform infrared spectra. Moreover, scanning electron microscopy was utilized to explore the morphology of the char residues.
Introduction
As one distinguished member of polymer materials, ethylene-propylene-diene terpolymer (EPDM) has made significant contributions to many fields. It is well known as a rubber with excellent properties [1] . However, EPDM is highly flammable, which restricts its further application and development in some important fields, especially electronic industry. Therefore, it is significant to impart EPDM with high flame retardancy.
Over the last decades, there are few researches on the flame retardancy of neat EPDM, except for some researches about the fire retardancy of PP/EPDM or PE/EPDM composites [2, 3] . Most flame retardant EPDM composites are still halogencontaining system [4] . However, this kind of flame retardant will generate a lot of toxic gases and corrosive substances during combustion, which can choke people exposed to the fumes and can damage costly equipment.
In recent years, intumescent ame retardant (IFR) additives have been widely utilized in the ame retardation of polymers. Usually, intumescent ame retardant system contains an acid source, a carbon source and a blowing agent. In the IFR system, ammonium polyphosphate (APP) is an acid source and it has been extensively investigated. However, APP has poor water resistance and tends to hydrolyze when it exposed to a moist environment, which will greatly decrease the flame retardant effect of APP. Microencapsulation technology has been employed to overcome this shortcoming and furthermore increase the compatibility between the matrix and the additives.
In the present work, gel-silica microencapsulated APP (MCAPP) in combination with pentaerythritol (PER) was used to prepare EPDM composites with high flame retardancy. The intumescent flame retardant EPDM composites (IFR-EPDM) were measured by limiting oxygen index (LOI), UL-94, and cone calorimeter and TGA. The thermal degradation process of IFR-EPDM composites was studied by dynamic FTIR. Furthermore, scanning electron microscopy was utilized to explore the morphology of the char residues.
Experimental section

Materials
Ethylene-propylene-diene terpolymer (EPDM 820P) containing 83 wt% ethylene and 4.5 wt% ethylidene norbornene was supplied by DuPont Dow Elastomer, USA. Microencapsulated APP by silicone gel was provided by Hefei Keyan Chemicals and the average size was 10 μm. Pentaerythritol (PER) was purchased from Sinopharm Chemical Reagent Co., Ltd.
Preparation of IFR-EPDM composites
EPDM, MCAPP, PER were dried in vacuum oven at 80 °C overnight before use. The samples were prepared by a tworoll mixing mill (XK-160, Jiangsu, China) at 170 °C and the rotation speed of screw was 100 rpm. The detailed formulations of the samples are shown in Table 1 . After mixing, the extrudates were cut into pellets and then hot-pressed at 180 °C under 10 MPa for 10min to obtain 3 mm thick plaques for LOI, UL-94 and cone calorimeter test.
Characterization
Thermal gravimetric analysis (TGA) was carried out using a Q5000 IR (TA Instruments) thermo-analyzer instrument. Samples were measured in an alumina crucible with a mass of about 5-10 mg. Samples in an open Pt pan were tested at temperature ranging from room temperature to 700 °C with a heating rate of 20 °C/min. The onset decomposition temperature was defined as the temperature at which 5% of original weight was lost. T max was defined as the temperature at which the samples processed the maximal weight loss rate.
LOI was measured according to ASTM D2863. The apparatus used was an HC-2 oxygen index meter (Jiangning Analysis Instrument Co.). The specimens used for the test were of dimensions 100 × 6.5 × 3 mm The real time Fourier transform infrared spectra (RT-FTIR) were recorded using a Nicolet MAGNA-IR 750 spectrophotometer coupled with a heating device and a temperature controller. Powders of samples were mixed with KBr powders, and the mixture was pressed into a tablet, which was then placed in a ventilated oven. The temperature of the oven was raised at a heating rate of 10 °C/min in air condition.
The char morphology of the residues obtained after the LOI test was examined by scanning electrical microscope (PHILIPS XL30E). The specimens were previously coated with a conductive layer of gold. The micrographs of the residues were obtained with a scanning electron microscope Inspect S at an accelerating voltage of 10 KV. .5% with no UL-94 rating. When the IFR loading (MCAPP: PER = 3:1) is increased from 10 wt% to 30 wt%, the LOI values are significantly increased from 22.5% to 26%, but it is still no rating in the UL 94 test. It is noteworthy to find that the LOI value of 31% and UL 94 V-0 are reached when 40 wt% IFR is added. Keeping the total IFR loading at 30 wt% and changing the ratio of MCAPP and PER, the UL-94 rating is not significantly changed. The further increased PER loading will result in the decrease of the LOI value.
Results and Discussion
Flame retardant properties
Cone calorimeter involves igniting a polymer plaque subjected to a certain radiant heat ux, and it can provide abundant information on the combustion behavior [5] . Fig. 1 gives the heat release rate (HRR) curves of neat EPDM and IFR-EPDM composites and the relevant data are summarized in Table 2 . The addition of IFR into EPDM results in a decrease in time to ignition (TTI) values which is typical characteristic of IFR systems. When 10 wt% IFR is added, the pHRR value is decreased from 1225 kW/m 2 of the neat EPDM to 640 kW/m 2 , and the further increase in IFR loading gives rise to more significant decrease in pHRR values. With 40 wt% IFR loading, the pHRR value of the IFR-EPDM composite is decreased by 81.3% compared to that of the neat EPDM. It can also be seen from Fig. 2 that a significant reduction in total heat release (THR) values of IFR-EPDM composites is achieved compared with that of neat EPDM. Figure 3 shows the TG and DTG curves of neat EPDM and IFR-EPDM composites, the corresponding values are shown in Table 3 . The pure EPDM starts to decompose at 423 °C and the thermal degradation process only has one stage in the temperature range of 400-450 °C with a strong DTG peak at 431 °C (T max ). The pure EPDM at 700 °C does not produce any char residue. In contrast, the IFR-EPDM composites have lower decomposition temperature, and the IFR-EPDM composites show lower maximal mass loss rate (MMLR). This is due to that the presence of MCAPP and PER could promote the formation of intumescent char that slows down the decomposition loss rate of IFR-EPDM. The char residues are also significantly increased with the increase of the IFR loading, indicating IFR-EPDM composites exhibit higher thermal stability than pure EPDM at high temperature region (> 450 °C). 
Thermogravimetric analysis
Thermal decomposition process
Real time FTIR is employed to evaluate the thermal degradation behaviors of EPDM and EPDM-3. Fig. 4(a) shows the real time FTIR spectra obtained from pure EPDM at different temperatures. The peaks at 2920 cm -1 and 2850 cm -1 are due to the stretching vibration of -CH 2 -, the band at 1640 cm -1 is the characteristic absorption of C=C, the peaks at 1460 cm -1 and 1380 cm -1 are assigned to the in-plane bending vibration of C-H bond, and the peak at 720 cm -1 is ascribed to the outplane bending vibration of C-H bond. All the peaks above are the characteristic absorptions of EPDM. The relative intensities of the characteristic peaks do not show obvious change below 380 °C. At 450 °C, the intensities of these peaks decrease dramatically, indicating the degradation of EPDM. After 500 °C, all the peaks disappeared, indicating the complete degradation of EPDM. Figure 4 (b) shows the dynamic FTIR spectra obtained from EPDM-3 at different temperatures. At 25 °C, peaks at the range between 3100-3600 cm -1 are attributed to absorptions of O-H groups, including C-OH and P-OH. These peaks intensities decrease significantly after 330 °C due to dehydration process and the release of NH 3 . The relative intensity of C-H stretching vibration at 2920 cm -1 and 2850 cm -1 shows a significant decrease at 330 °C, indicating the primary decomposition process of EPDM happens at this stage. This is consistent with the TGA results. The peaks at 1252 cm -1 and 1010 cm -1 at 25 °C are ascribed to the O=P-O-H absorption, and these two absorption bands are significantly decreased when the temperature is 330 °C. With the further increase of the temperature, two new peaks at 1140 cm -1 and 1020 cm -1 appear, which can be ascribed to the stretching vibration of P-O-C and PO 2 /PO 3 in phosphate-carbon complexes [6] . The peaks at 1090 cm -1 and 880 cm -1 belong to the stretching vibrations of the P-O-P bond, and this suggests the formation of diphosphoric acid and poly (phosphoric acid). The appearance of new peaks at 752 cm -1 and 670 cm -1 indicates that aromatic structures are formed [7] . Therefore, it can be concluded that the char consists of aromatic structures and phosphate-carbon complexes, which can efficiently retard the evolution of combustible gases and decomposed products of the polymer, as well as prevent the heat and oxygen from transferring inside, and thus significantly improve the ame retardancy of EPDM matrix. 
Morphology of the char
In order to elucidate the relationship between the microstructure of the protective char and ame retardant IFR-EPDM, the morphology of the char from the samples after the ame extinguished during LOI tests was further investigated by SEM, as shown in Fig. 5 . Fig. 5(a) and (b) show the morphological structures of the surface of the intumescent char layers obtained from EPDM-3. The char residue of EPDM-3 shows a compact char structure which could effectively hinder heat and mass transfer during burning. Fig. 5(c) and (d) show the inner structure of the char residue of EPDM-3. The inner char shows nearly the same morphology as the outer one, except that there are some holes on the surface of the inner char. This may come from the escape of non-combustible gas during the burning process. 
Conclusions
In this paper, silicone gel microencapsulated ammonium polyphosphate (MCAPP) was combined with pentaerythritol (PER) to develop an effective intumescent flame retardant (IFR). Neat EPDM was highly combustible with low LOI value, while EPDM composites containing 40 wt% IFR could reach UL-94 V-0 rating with a high LOI value of 31%. The incorporation of IFR into EPDM significantly reduced the peak heat release rate (PHRR) and total heat release (THR) by 81.2% and 30.4%, respectively. TGA results indicated that the addition of IFR into EPDM could dramatically improve the char yields and the thermal stability of the char at high temperature compared with pure EPDM. Real time FTIR showed the residual char of flame retarded EPDM was mainly composed of aromatic structures and phosphate-carbon complexes. SEM pictures show the char of IFR-EPDM is compact, which could effectively prohibit the evolution of combustible gases and decomposed products of the polymer, as well as prevent the heat and oxygen from transferring inside. Thus, the combination of MCAPP and PER could significantly improve the flame retardancy of IFR-EPDM composites.
